We used six restriction endonucleases (D&I, HinfI, HpaII, MM, TagI, and Zmo37), each with a unique four-base recognition site, to digest 26 mitochondrial genomes from six Platycercus species in an investigation of the systematics of this speciose and variable Australian genus. The resulting fragments were end labeled and separated by means of polyacrylamide-gel electrophoresis. The number of substitutions per nucleotide site between each of the genomes was estimated on the basis of the distribution of fragments between samples by means of the method of Nei and Li. These pairwise distances were used to construct evolutionary trees either by assuming an evolutionary clock or by allowing the branch lengths to vary independently. The presence or absence of each restriction fragment was also scored and used as characters in Wagner parsimony analysis. In general, the phylogenies produced from mitochondrial genome diversity mirror the current classification of the genus, except for P. icterotis, which is not clustered with either of the superspecies of Platycercus and, as such, should probably be placed in a third group. To confirm that the family of parrots to which Platycercus belongs has a conservative nuclear genome, Nei's genetic distance between and within Platycercus and other related species was estimated by means of cellogel electrophoresis of liver isozymes. Of the 26 Platycercus mitochondrial genomes studied, 23 different haplotypes were identified according to the limits of resolution of the technique. The mean interspecific mitochondrial genome diversity was 0.0457, and the intraspecific genome diversity varied between 0.003 1 (for P. caledonicus) and 0.0 142 (for P. eximius). These diversity values indicate either that the rate of rosella genome evolution is 2-3 orders of magnitude below the rate reported for primates or that the effective sizes of the rosella populations are 2-3 orders of magnitude below the sizes estimated on the basis of ecological methods.
Introduction
The mitochondrial genome has aroused considerable interest in recent years because of its potential as an indicator of phylogeny among closely related groups of organisms (see, e.g., Barton and Jones 1983) . This small, double-stranded, closed circular cytoplasmic genome is apparently strictly maternally inherited, at least in metazoa (Giles et al. 1980; Yatscoff et al. 198 1; Lansman et al. 1983b) , and displays a relatively rapid rate of base-pair change compared with that of nuclear genes in vertebrates (Upholt and Dawid 1977; Brown et al. 1979; Vawter and Brown 1986) . It is also relatively easily extracted from fresh or frozen heart, liver, and kidney tissue (Lansman et al. 198 1) . This genome seems likely to provide an exceptionally powerful tool for phylogenetic analysis, although more studies are needed to assess this potential, especially with respect to the assortment of mitochondrial lineages after speciation. We have therefore investigated the pattern of mitochondrial differentiation within and Rosella Systematics 527 between Platycercus species in relation to the current classification of the genus and the likely rate of evolution of avian mitochondrial genomes. We chose the six Platycercus species (Condon 1975) for the present study because their extensive and often overlapping distributions in Australia and nearby islands ( fig. l) , sometimes accompanied by hybridization, indicated that they comprise a group of related populations differentiated at the species and subspecies levels. Platycercus is generally divided into the "elegans" and "eximius" superspecies, distinguished on the basis of plumage (Cain 1955) . Despite this superspecies classification, each species in the genus has a distinct plumage pattern and coloration, except for P. elegans, which includes individuals with yellow (flaveolus), red (elegans, nigrescens, and meZanoptera), and orange (adelaidae) breast colors. These three P. elegans patterns define three subspecies believed to be closely related and to have become partially reproductively isolated when arid conditions led to the formation of refugia from remnants of their humid forest habitat. When the climate improved for rosellas, the refugia expanded and the various P. elegans ranges overlapped, resulting in the present patterns of hybridization (Short 1969; Ford 1977) . According to Condon (1953) , only two subspecies of P. elegans were formed in this way, with the third, orange-breasted, form being derived from the other two (i.e., the yellow and the red-breasted) forms by means of hybridization.
The other subspecies of P. elegans (melanoptera and nigrescens) are Downloaded from https://academic.oup.com/mbe/article-abstract/4/5/526/1039827 by guest on 10 March 2019 528 Ovenden, Mackinlay, and Crozier presumed by Condon (1953) to have been formed by refuge-area speciation, although no specific schemes have been suggested. An alternative scenario is that adelaidae and Jlaveolus are character-displaced variants of melanoptera stock (Brown and Wilson 1956) . Platycercus caledonicus is assumed to be a distant relative of P. elegans, and, because of its restricted range in Tasmania and the fact that it resembles the immature form of P. elegans, Condon (194 1) and Ridpath and Moreau (1966) suggested that it may closely resemble the prototype from which the genus was derived.
Within the "eximius" superspecies, P. eximius and P. adscitus are obviously closely related, because they form a large hybrid zone where their distributions overlap. Yet, Forshaw ( 1969) regarded P. adscitus as a form intermediate between the southerly P. eximius and the northerly P. venustus. He also notes that the species found in the remote southwest of Australia-i.e., P. icterotis-may not belong to the "eximius" superspecies proposed by Cain ( 1955) but may be a linking form between the genera Platycercus and Psephotus. The relationships described above are reflected in the classification by Condon (1975) , to which the phylogenies generated in the present study are compared.
Our data also bear on hypotheses about the rate of avian molecular evolution, hypotheses sparked by observations that genetic distances derived from nuclear genes are consistently smaller between congeneric bird species than are the corresponding measures for mammal, reptile, amphibian, and fish species (Avise and Aquadro 1982) . Avise (1983) provided a conceptual framework for dealing with the empirical observation of a conservative pattern of protein differentiation among closely related avian species. According to this framework, there are two, alternative, fundamental explanations for this observation:
(1) avian congeneric species are younger than most nonavian congeneric species, or (2) protein evolution is decelerated in birds. If the former explanation is correct, then it may be reflected in small genetic distances for the entire nuclear and cytoplasmic genomes. Recently, Kessler and Avise ( 1985) found relatively small differences between the mitochondrial DNA (mtDNA) of five closely related avian species and tentatively concluded that the bird species involved may have had a more recent origin than previously had been thought. For Platycercus, we too find that, as calculated from the mitochondrial genome and from that part of the nuclear genome that encodes liver isozymes, bird species have small interspecific genetic distances. We then use these data-and the pattern of lineage assortment between taxa in the light of some of the expected population genetics of nucleons (Nei and Li 1979; Avise et al. 1983; Tajima 1983; Takahata and Nei 1985) -to choose between the hypothesis of a mammalian rate of mitochondrial evolution for bird species (which then generally would have to be of recent origin) and the hypothesis of a slower (avian) rate of mitochondrial evolution.
Material and Methods

Collections Made
Rosellas and related parrots (n = 88) were collected in the wild from locations around Australia (Appendix A). Two aviary-bred birds, both Cyanoramphus novaezelandiae, were included in the study. Heart and liver tissue samples (mean f SE 0.99 -t 0.43 g, range 0.35-l .75 g) were removed to liquid nitrogen within 1 h of death, where they remained for l-25 mo until thawed immediately prior to either mtDNA or isozyme extraction.
Isolation and Restriction-Enzyme
Analysis of mtDNA
The technique used to extract mtDNA from Platycercus tissue was similar to the "cytoplasmic nucleic acids" method used by Lansman et al. ( 198 1, 1983a) . RestrictionDownloaded from https://academic.oup.com/mbe/article-abstract/4/5/526/1039827 by guest on 10 March 2019 enzyme digestions of mtDNA were carried out, according to the supplier's directions, on -2.5% of the total preparation of mtDNA in the sample. We used six restriction enzymes, each with four-base recognition sequences: DdeI (CTNAG), HinfI (GANTC), HpaII (CCGG), Mb01 (GATC), TaqI (TCGA), and Zmo37 (GGNCC). Zmo37 was isolated from Zymomonas mobilis strain 37, from the collection held by the School of Biotechnology, University of New South Wales. The enzyme has the same specificity of Sau961 (A. F. Stewart, M. L. Skotnicki, and A. G. Ma&inlay, unpublished results). All available evidence suggested that mitochondrial diversity within the genus Platycercus would be low, so we chose four-base enzymes in preference to six-base enzymes.
Four-base enzymes have the potential to survey more of the genome and to detect small genetic differences between genomes.
Per the method of Brown (1980) , fragments were end labeled in the presence of 1 l&i of either (a-32P)dCTP or (a-32P)dATP (Amersham) and 0. 2) . For each gel, a standard curve was drawn, on the basis of the mobility of these fragments, against their known size in base pairs. The amount of nuclear DNA contamination in the mtDNA samples was assessed by including a sample of nuclear DNA in the digestions.
Fragment patterns for the samples were obtained on three different gels for each of the restriction enzymes used. Some samples were made common to all gels to enable the correct alignment of fragment patterns between gels. To analyze the fragment patterns, diagrams of fragments > 100 bp were made for each enzyme that included all of the 26 samples. During this procedure, the mobilities of bands were measured and their sizes were determined from the standard curve unique to that gel. The total size of the rosella mitochondrial genomes was estimated by averaging the sum of fragment sizes resulting from sample digestions. We followed the method of Lansman et al. (1983a) in assigning each sample a letter code to indicate its restriction morph for a particular enzyme.
Analysis of mtDNA Fragment Data
Information from the fragment patterns was subjected to two types of phylogenetic analysis: the distance and the character-based methods. The distance measure used was 6, the mean number of nucleotide substitutions per nucleotide site. To estimate 6, we used an iterative method (M. Nei, personal communication) based on equation (20) of Nei and Li (1979) , namely,
where P = evr612 and r = number of bases in the enzyme-recognition site (here, four) and where the estimate of F, from the data, is given by
where nx and ny are the numbers of fragments for molecules X and Y, respectively, and nxy is the number of fragments shared by the two molecules.
fragments are not scored as identical (Nei and Li 1979) . Nei and Li (1979, table 2) also note that, whereas restriction-site data provide more reliable estimates, estimation on the basis of fragment patterns is fairly accurate for small 6 values. We estimated 6 and the confidence intervals using a jackknife method by omitting the results of each restriction enzyme in turn.
Dendrograms were produced from the matrix by means of the FITCH (Fitch and Margoliash 1967) and KITSCH programs in the PHYLIP package developed by J. Felsenstein (Department of Genetics, University of Washington, Seattle). Trees produced from the FITCH program have unconstrained branch lengths whereas KITSCH trees are derived in the same manner as FITCH trees but assume an evolutionary clock such that the distances of all operational taxonomic units (OTUs) from the tree root are the same. The trees chosen were those that best fitted the data matrix, i.e., those that minimized the sum of the squares of the difference between observed and expected branch lengths. As recommended by J. Felsenstein (in the PHYLIP documentation), multiple runs were performed with varying input orders of OTUs.
For the character-based analyses, the fragment-pattern diagrams were summarized according to the presence or absence of each fragment for each individual genome. Phylogenetic networks were generated on the basis of these data according to Wagner parsimony criteria by means of the MIX (Eck and Dayhoff 1966; Kluge and Farris 1969) and PENNY (Hendy and Penny 1982) programs from the PHYLIP package. Parsimony methods require that change in one character does not necessitate change in any other, especially if branch lengths are to be estimated. This requirement is violated for restriction-fragment data because the gain or loss of a fragment affects whether at least one other fragment is present. However, because of the large number of fragments generated by each restriction enzyme, any such effect is expected to be negligible (Kessler and Avise 1985) . The robustness of the Wagner dendrogram was estimated by means of the BOOTMIX algorithm in the PHYLIP package, which samples from the character set at random and provides the number of times that each partition of OTUs occurred. We used 100 runs of BOOTMIX. mtDNA from no other platycercid species was sampled for outgroup comparison, because the assignment of pleisomorphic character states would have been hampered by excessive convergence between the genomes.
Rate of Change of the Mitochondrial Genome
In the absence of platycercine fossils (Rich and van Tets 1983) , other means are needed to estimate the divergence times between taxa. The interrelationships between the expected mitochondrial diversity within populations and the effective long-term sizes of these populations can be used to evaluate either the effective population size or the rate of mtDNA evolution.
The starting point for this calculation is the wellknown relationship 6, = 2ht (Nei and Li 1979) , where h is the rate of change (in base substitutions), t is the time since genomes i and j last shared a common ancestor, and 6, is therefore the mean number of substitutions per nucleotide site in one genome relative to the other. The quantity 6, is readily estimated on the basis of either the mean number of differences per site between two sequences, ncij, or the equation given above. The two intersequence distances are very similar for closely related sequences. The analogue of the genie diversity within populations for nuclear genes is the nucleotide diversity of a population, n: = Cij xixinnii, where Xi is the frequency of the ith sequence in the population (Nei and Li 1979) . Similarly, the substitution diversity can be defined as 6 = Cij XiXjSu. The nucleotide diversity of a population in equilibrium is expected to be approximately 'T[: = 2Nfh,, where Nf is the number of females in the population and g is the generation length (Nei and Li 1979) . The expected number Ovenden, Ma&inlay, and Crozier of generations since any two randomly chosen mtDNA molecules last shared a common ancestor is equal to NJ (Tajima 1983) , and this finding can also be used in conjunction with n: to evaluate the competing hypotheses about mitochondrial evolutionary rates. Distances between populations, as distinct from distances between individual mitochondrial sequences, are readily estimated by deducting the mean intraspecies diversity from the mean distance between sequences placed in different species (eq. [25] of Nei and Li 1979) .
The effective population sizes (NJ) of P. elegans, P. caledonicus, and P. adscitus female populations were estimated using data from Blakers et al. ( 1984) . We combined local population sizes to estimate the total population size because the migration occurring between the local populations would prevent significant genetic divergence (Hart1 198 1, p. 10 1 ), and, as described above, the current populations of these highly vagile birds are plausibly believed to result from the expansion of refugial populations. To obtain actual population size estimates, the average crimson rosella (P. elegans) density was calculated on the basis of six values from l-degree grid blocks in which rosellas were reported on ~40% of the record report forms sent in from that area (rosellas per hectare = 1.08; Blakers et al. 1984) . A l-degree grid block is that area bounded by full degree lines of latitude and longitude, each side measuring 1 degree (Blakers et al. 1984) . From the distribution maps, the number of l-degree grid blocks in which that rosella species was reported at a frequency >40% was counted. The total population size was calculated assuming 1 06ha/ 1 -degree grid block (Blakers et al. 1984 ). The population sizes of P. caledonicus and P. adscitus were estimated using the density determined for P. elegans and the area covered by their distributions. We are aware that these estimates may be inaccurate because the density of individuals belonging to P. caledonicus and P. adscitus may not be the same as that of P. elegans, the density of rosella populations may not be uniform over their entire distribution, and l-degree grid blocks in which rosellas of a particular species were reported at a rate ~40% have been disregarded. The numbers of female rosellas was assumed to be one-half of the total population size. Generation time (g) is defined as the average age of the population of breeding females at any one time and can thus be expressed as g = Ca,/n, where a,, is the age of the nth female and n is the number of females in the population (Cavalli-Sforza and Bodmer 197 1, p. 4 18). The generation time of rosella populations was calculated by assuming that all P. elegans, P. caledonicus, and P. adscitus females successfully raise offspring in their second year and continue to do so once a year until their death and that, once a female survives the first year, subsequent mortality is lO%/year (R. Schodde, personal communication).
Isozyme Electrophoresis and Genetic Distances
Prior to electrophoresis, individual livers were thawed and homogenized in lysing solution (0.1 ml 2-mercaptoethanol, 0.1 ml Triton X 100, 10 mg nicotinamide adenine dinucleotide phosphate in 100 ml water) and stored at -20 C. Platycercus individuals from which mtDNA was extracted were included. Fifteen liver enzymes encoded by 2 1 presumptive loci (Appendix B) were stained (Harris and Hopkinson 1976; Baverstock et al. 1980 ) after electrophoresis in cellulose acetate (Cellogel; Chemetron, Milan). When more than two allozymes per locus were detected, relative allele mobilities were checked by electrophoresing the samples side-by-side on the same gel. Nei's standard genetic distances (D's), corrected for small sample size (Nei and Roychoudhury 1974; Nei 1978) , were calculated on the basis of gene frequencies by means of a computer program provided by him. We also calculated the percentage of loci. Dendrograms were generated from the matrix of D's by means of the unweighted-pair-group method with use of arithmetic averages (UPGMA; Sneath and Sokal 1973, pp. 230-234) .
Results and Discussion mtDNA and Nuclear DNA Diversity
The Platycercus genome is -16,500 bp long. Our estimate for the length of rosella mtDNA agrees with estimates made for the chicken (i.e., 16,000-17,000 bp; Glaus et al. 1980 ) and the Peking-duck ( 16,600 bp; Zhao et al. 1983 ) genomes. A total of 23 different mitochondrial genomes were found among the 26 Platycercus individuals studied. The six-letter codes describing each of the 23 morphs are presented in Appendix A. In each sample digest an average of 25.94 bands > 100 bp were present, and -67% of these were shared between each pair of samples.
Pairwise diversity estimates for all 26 rosellas, with jackknifed confidence intervals, are presented in Appendix C. On nine occasions, two conspecific rosellas were collected from exactly the same location, and seven of those pairs had different mitochondrial genomes (mean 6 = 0.0017, range 0.0002-0.0044, n = 7). More meaningful as an estimate of diversity is the intraspecific diversity measure, which we determined for the four species represented by more than two individuals.
These species are P. caledunicus, in which 'TI: = 0.0031 (range 0.0003-0.0047, n = 3); P. elegans, in which n:
= 0.0063 (range O-0.01 17, n = 28); P. eximius, in which n: = 0.0142 (range 0.0002-0.01 78, n = 5), and P. adscitus, in which n: = 0.0027 (range 0.0003-0.0054, n = 2 1).
A mean comparable value for two waterfowl genera, Anas and Aythya, was 0.0009 (Kessler and Avise 1984) . Over the entire genus Platycercus, the mean pairwise interspecific n: was 0.0457 (range o-0.0720, n = 257, with the intraspecific 'IC values extracted). This value is similar to those obtained by Kessler and Avise (1984, 1985) for four genera of birds: Anas, 0.062; Aythya, 0.034; Melospiza, 0.029; and Dendroica, 0.044. Our results support the hypothesis of Kessler and Avise (1985)-i.e., that, compared with nonavian taxa, congeneric species of birds have less variable mitochondrial genomes. Platycercid species showed a high level of nuclear gene diversity, as has been found for the majority of birds whose isozymes have been studied so far (Barrowclough 1983) . For example, the mean f SE gene diversity for the 3 1 populations was 0.09 + 0.07. The mean diversity for rosella populations was identical with the overall mean. The D between congeneric species varied from a low of 0.0398 for PZatycercus and 0.0554 for Barnardius to a high of 0.4508 for Psephotus. These lower D's are approximately equal to similar measurements for other congeneric species of birds (Avise and Aquadro 1982) , but the higher value of 0.4508 is the largest D reported to date between bird species placed in the same genus. Apart from Psephotus, all other parrot genera assayed conform to the general observation that D's between avian congeneric species are smaller than nonavian D's
Phylogeny of the Genus
Both the MIX and PENNY algorithms specified a total of 48 1 character-state changes and produced virtually identical Wagner-parsimony dendrograms, which are presented as one tree in figure 3 . The KITSCH and FITCH dendrograms are presented in figures 4 and 5. All three dendrograms separate the "eximius" and "elegans" superspecies traditionally recognized (Cain 1955 ) but also separate P. icterotis from both of these. These results indicate that Platycercus contains three groups-not two, as currently thought. The isolated northern form of P. elegans-i.e., P. e. nigrescens-is also separated from the other three subspecies in the KITSCH dendrogram and in 63 of the bootstrap Wagner replicates (although not in the FITCH result), indicating that it may be relatively distant from them. Condon ( 1953) [3] [4] [5] show that the "elegans" superspecies is a monophyletic group, with P. caledonicus being its most divergent member. Ridpath and Moreau (1966) have suggested that P. caledonicus entered what is now Tasmania across the land bridge that joined the southerly island to the Australian mainland when the sea levels were low during the last ice age. At that time, the mainland was undergoing a period of extreme aridity (Kershaw 198 I) , so that animals moving south into the remnants of the temperate forests would presumably have had a good chance of surviving. However, the mean n: between these species (with intraspecific values removed, as described above) is 0.02 10 (n = 24). This relatively large value, as well as the possibility that the land bridge was formed and then flooded many times during the Pleistocene (Galloway and Kemp 198 l), suggest that the ancestors of this species may have been present in the Tasmanian peninsula long before the most recent formation of the land bridge. Included in the 26 genomes investigated was a genome from a hybrid between P. eximius and P. adscitus (as determined by plumage characteristics and collection locality). In all the dendrograms (figs. 3-5) this individual has been placed among P. adscitus, indicating that its mother probably belonged to that species. A further investigation of hybrid individuals to find out whether they always have P. adscitus mothers would be interesting because, if this were the case, P. adscitus mitochondrial genomes could be moving in a southerly direction across the hybrid zone into the range of P. eximius. Ferris et al. ( 1983) found that one species of mice, A4us musczdus, was acquiring the mitochondrial genome of M. domesticus across a hybrid zone between the two species in Scandinavia.
Similarly, Powell (1983) found a noncorrespondence between the nuclear and mitochondrial genomes of Drosophila pseudoobscura and D. persimilis in areas where these flies are sympatric. Results such as these have broad implications for the use of mitochondrial genomes in studies of phylogeny. In the FITCH and KITSCH dendrograms and in 79 of the bootstrap Wagner replicates (figs. 3-5), P. adscitus is more closely related to P. eximius than to P. venustus. As indicated above, this relationship is reflected in nature in those cases in which P. adscitus and P. eximius hybridize where their ranges overlap. But the range of neither of these overlaps with that of P. venustus, so their ability to hybridize does not provide a test of the relationship that we propose. The KITSCH dendrogram ( fig. 4 ) differs from the other dendrograms in showing P. eximius as diphyletic.
It is probable that this unique grouping is a result of the analysis procedure, which forces all branches to have an equal distance from the origin by assuming a rigidly accurate evolutionary clock. Because any molecular clock is stochastic, rigid accuracy over short time spans is unlikely, indicating that KITSCH is not a good algorithm for closely related groups.
Given the geographic distance between P. icterotis and its congeners, as well as the desert barriers between them, the evolutionary separation of this species from the others, as determined by our mtDNA data, is not surprising. This separation is sufficiently great that one might suspect that this species would show more affinity to species placed in other genera (e.g., Psephotus) than to other rosellas. Although mtDNA samples are not yet available from other platycercines, we can evaluate this hypothesis on the basis of the electrophoretic data. In the UPGMA dendrogram ( fig. 6 ), all the Platycercus species are distant genetically from all other platycercines, indicating that P. icterotis forms a group with its congeners and has not acquired rosella morphology convergently .
The UPGMA dendrogram ( fig. 6 ) also provides some information about relationships within the family Platycercidae.
Thus, Barnardius was thought to form. a monophyletic group with the rosellas because of the lack of significant structural features that could be found to separate the genera (Peters 1937) . Our data suggest that this genus is not a sister group of Platycercus. The classification of Psephotus is currently in disarray, with Northiella haematogaster placed either in a separate genus (Condon 1975) or within Psephotus (Cain 1955) . According to our results, Psephotus displays surprisingly large D's between its constituent species, suggesting that this genus may be polyphyletic.
The relationships between the other parrot genera are in general agreement with the results from the study by Adams et al. (1984) .
Rate of mtDNA Evolution
The g for rosellas can be taken to be 4.67 years, which is the mean age of a reproducing female. The modern census data indicate large population sizes of females (P. elegans, 3.08 X 107; P. caledonicus, 3.87 X 106; P. adscitus, 2.81 X 107). If these of Nei's genetic distances, clustered using the unweighted-pair-group method sizes are assumed to be good estimates of the long-term effective population sizes, then the average time since the common ancestor of two randomly chosen conspecific genomes is very great. Therefore, (1) the rate of rosella mitochondrial evolution is expected to be very slow (e.g., h = n;/(2Nfg) = O.O22%/Myr for P. elegans) compared with that calculated for mammals (2%/Myr; Brown et al. 1979) , and hence (2) the common ancestor of two randomly chosen mtDNA sequences would have existed 18-143 Myr ago. Population sizes of this magnitude, as well as the consequent persistence of ancestral polymorphisms, would also lead to the expectation of large-scale crossing of species' phylogenetic boundaries by the mitochondrial phylogenies, but this effect is essentially absent from our dendrograms.
Alternatively, if we accept the mammalian rate as applicable to rosellas, then much smaller effective population sizes are determined on the basis of the observed mitochondrial genome diversities (mean X'S: P. elegans, 0.0063; P. caledonicus, 0.003 1; P. adscitus, 0.0027; population sizes: P. elegans, 3.37 X 104; P. caledonicus, 1.66 X 104; P. adscitus, 1.45 X 104). The effective population sizes calculated on the basis of nuclear genetic diversity from the allozyme data are the same order of magnitude (mean 'R'S: P. elegans, 0.04; P. caledonicus, 0.07; P. adscitus, 0.06; population sizes:
P. elegans, 1.49 X 104; P. caledonicus, 2.69 X 104; P. adscitus, 2.28 X 104, where N, = H/4( 1 -H) X v and v = 7 X 107). Because of the general lack of mitochondrial phylogenies crossing species or population boundaries (such as to Tasmania), it is more parsimonius to assume that the rosella rate of mtDNA evolution is closer to that of mammals than to assume that the effective long-term population size has been large.
The finding that the effective long-term population sizes are several orders of magnitude smaller than those estimated from ecological data is paralleled by similar findings for the toad Bufo marinus (Easteal 1985) . Barrowclough and Shields (1984) suggest that the hypothesis of bottlenecks as affecting an entire species population best explains why the long-term population size of a given bird species is much smaller than its currently observed population size. The alternative would be that population sizes are stable but misinterpreted by ecological methods-which would be the case, for example, if the species were made up of many small populations that become extinct with high frequency (Maruyama and Kimura 1980) . This latter explanation Ovenden, Mackinlay, and Crozier seems unlikely in the case of rosellas because these birds are highly vagile. We therefore agree with Barrowclough and Shields (1984) that bird populations undergo periodic bottlenecks.
Reliability of mtDNA for Phylogenetic Inference
Finally, it is worthwhile to ask how reliable our mtDNA findings are as indicators of the phylogeny of this (or any other) group. Despite the very large amount of information that is available for phylogenetic analyses from restriction-fragment, restrictionsite, or sequence studies, there is the important problem that the phylogenies obtained from studies of pieces of DNA are phylogenies of these entities and not those of the organisms from which they were derived. Two nucleons from different species may have diverged before speciation of the organisms, spuriously elevating those estimates of the time since speciation that are based solely on this information.
Furthermore, there is the problem alluded to earlier, which we may term the "time-depth" problem: if the population size has been large enough, then polymorphism existing in the common ancestor of two or more species may persist within them, rendering any phylogeny that is based on a nucleon from each liable to serious error Tajima et al. 1983; Takahata and Nei 1985) . The inescapable conclusion is that, as in traditional population-genetic studies using isozymes, several to many nucleons should be sampled from each lineage, at least until the characteristics of the group of organisms under study is well understood.
The same conclusion holds for nuclear genes, as has been stressed by Coyne and Kreitman (1986) . Given a phylogeny involving a reasonable number of nucleons per organismal lineage, one can then estimate divergence times between these lineages either by using 6 or 'TC as outlined above or by using the distances between the earliest branch points within species. Both of these approaches are subject to error and bias depending on the mode of speciation, because the population size of a species at the time of its formation will affect its initial level of genetic heterogeneity. At one extreme is the case of gradual divergence between subdivided populations, each with large population size. In this instance, there will be many lineages persisting within each population and estimates of the evolutionary distance between the species will be small (and the phylogenies might well be bedevilled with misassortment of lineages as well). At the other extreme stands founder-effect speciation (Carson 1971) , which, if it involves only one or two individuals, would result in a drastic reduction in diversity within the daughter population and a consequent increase in the estimated extent of divergence between this daughter and the parent species. Naturally, bottlenecks subsequent to speciation may have the same effect.
The small estimated population sizes and the generally extremely precise assortment of mtDNA lineages within rosella populations give us some confidence that the topology of our dendrograms accurately reflects the phylogeny of the rosella lineages. 
